The Kossel effect is the diffraction by a periodically structured medium, of the characteristic X-ray radiation emitted by the atoms of the medium. We show that multilayers designed for X-ray optics applications are convenient periodic systems to use in order to produce the Kossel effect, modulating the intensity emitted by the sample in a narrow angular range defined by the Bragg angle. We also show that excitation can be done by using photons (X-rays), electrons or protons (or charged particles), under near normal or grazing incident geometries, which makes the method relatively easy to implement. The main constraint comes from the angular resolution necessary for the detection of the emitted radiation. This leads to small solid angles of detection and long acquisition times to collect data with sufficient statistical significance. Provided this difficulty is overcome, the comparison or fit of the experimental Kossel curves, i.e., the angular distributions of the intensity of an emitted radiation of one of the element of the periodic stack, with the simulated curves enables getting information on the depth distribution of the elements throughout the multilayer. Thus the same kind of information obtained from the more widespread method of X-ray standing wave induced fluorescence used to characterize stacks of nanometer period, can be obtained using the Kossel effect.
INTRODUCTION
Following the dynamical theory of X-ray diffraction, a characteristic X-ray emission generated from an atom located inside a periodic medium can be diffracted by the structure itself under Bragg conditions. 1 This emission * Author to whom correspondence should be addressed.
follows the ionization of a core level of an atom upon irradiation by a beam of X-rays or charged particles and is due to the spontaneous recombination of the electron cloud. Interferences owing to the diffraction process cause a modulation of the X-ray line intensity as a function of the exit angle in the narrow angular range of the diffraction pattern. This very first interpretation of X-ray diffraction given in 1912 by M. von Laue, was established about twenty years later by Kossel using electron excitation of a crystal, leading to the observation of the so-called Kossel lines. 2 Different ionizing radiations can be used to generate Kossel lines: 3 -electrons from an electron gun, 4-7 a scanning electron microscope 8 or a transmission electron microscope; 9 -X-ray photons from an X-ray tube, 10-12 a plasma source 13 or synchrotron radiation; [14] [15] [16] [17] [18] this case is analogous to the X-ray standing wave (XSW) technique 17 19 20 used to study the interfaces of multilayers 21 or X-ray waveguides 22 as well as thin surface films; 23 -rapid charged particles (proton or ion beam) from an accelerator. [24] [25] [26] [27] [28] [29] [30] In order to diffract X-rays the periodic medium can be a crystal 2 31 or a multilayer made of a periodic alternation of two or more nanometer-thick thin films. In this paper we present examples of the study of periodic multilayers by using X-ray fluorescence induced by X-ray, electron or ion irradiation and modulated by the Kossel effect either. This process was used to obtain information on the interfacial roughness and interdiffusion in multilayers dedicated to X-ray optics. 10 In this case, Kossel diffraction can be viewed as the reverse of XSW 14 19 32 at grazing exit 33 and in multilayers. 34 Comparison between grazing incidence and grazing exit fluorescence can be found in Refs. [35] [36] [37] [38] [39] and their theory in Refs. [40, 41] . However, in grazing exit mode, these techniques are applied to quantify impurities at the top of the structure or in shallow dopants. 42 Applied to multilayers, XSW is only used in the grazing incidence mode, 33 40 generally to probe thin layers deposited on the top of the multilayer 34 43 or to probe the interfaces of the multilayer itself. 44 Indeed, the standing wave generated by the characteristic emission has the same period as the multilayer. Then, by rotating the sample in an angular range centered on the Bragg angle, defined by the multilayer period and the wavelength of the emitted radiation, it is possible to move the nodes and anti-nodes of the electric field to particular locations within the stack, for example to an interface or to the centre of a layer, and thus to locate the origin of the generated X-ray signal with great depth sensitivity. 34 Thus, the Kossel effect combined to X-ray fluorescence of characteristic X-rays is helpful to determine the structural parameters (thickness, roughness and composition of the layers and interlayers if any) of a periodic stack. It is a complementary tool to more widely used techniques such as X-ray fluorescence and photoelectron spectroscopies employed without angular variation, X-ray reflectivity, transmission electron microscopy. This paper, which illustrates the Kossel effect in multilayers through examples of studies performed by the authors, is organized as follows. As far as the Bragg law (p = 2d sin , where is the wavelength of the diffracted radiation, p the diffraction order, d the period of the diffracting medium and the glancing angle of the radiation) is concerned, we focus the experimental section on the geometrical details. The specific details regarding the presented experiments can be founded in the annexes at the end of the paper. We then explain how the angular distribution of the fluorescence intensity can be calculated. We take into account both the generation of the ionizations inside the stack and the depth distribution of the electric field of the emitted radiation. In the results section, we present examples of studies performed under X-ray, electron and proton irradiation.
GEOMETRY OF KOSSEL EXPERIMENTS
Since the experimental arrangement depends a lot on which kind of apparatus is used for the Kossel experiment, we only give brief comments on the different possibilities here. When characteristic emission is generated upon X-ray irradiation, a laboratory plasma source or X-ray tube working in the hard X-ray range or a synchrotron beamline working in the soft or hard X-ray range can be used, with the synchrotron offering a larger choice of experimental conditions due to the high brightness. For example, using long wavelength in the soft X-ray range makes it possible to work away from extreme grazing take-off angles, which could lead to alignment difficulties. When using electron irradiation an electron gun can be used provided it accelerates electrons up to a sufficiently high energy to create the core hole ionizations necessary for the characteristic emission generation. The ionization with a particle beam requires a dedicated facility in order to produce ions having an energy of the order of the MeV, leading to high ionization cross sections. There are many of these accelerators around the world.
We show on Figure 1 (a) a schematic view of the configuration of Kossel experiments, where there is 60 between the incident and detected beams. However, most often, the detection of the characteristic photons is fixed and takes place in a direction at right angle with respect to the incident beam (photons, electrons or ions), which is also generally fixed. Thus, the experiment is made by rotating the sample. However, one can imagine Kossel experiments with a fixed sample and a rotating detector. The take-off (or detection) angle is tuned in the range of the Bragg angle related to the multilayer period and the emitted energy. The detection is made with an energy dispersive spectrometer. A spectrum is acquired for each of the scanned take-off angles. Then the measured intensity under a peak characteristic of an element, after background subtraction, is plotted as a function of the take-off angle. This so-called Kossel curve exhibits an intensity modulation centered at the Bragg angle. The treatment of the spectra can be more or less difficult depending on the possible interferences between spectral lines and on the intensity of the Bremsstrahlung. For example, it could be possible to switch from L to K lines to avoid interferences or to be able to neglect the background upon proton excitation. We show on Figure 1 (b) the configuration of a standard XSW experiment. The glancing angle of the photons is tuned in the range of the Bragg angle related to the multilayer period and the incident photon energy. It is not possible to use electrons or ions as incident particles because their associated wavelength is much too small with respect to multilayer of nanometer period. The fluorescence intensity is measured as a function of the glancing angle. In this case, the angular resolution is given by the divergence of the incident beam, which can be made very small with X-ray irradiation thanks to collimation optics used with X-ray tube or on synchrotron beamlines. The detector can be placed very close to the sample leading to a large solid angle of detection and a high collected intensity. For Kossel experiments, the angular resolution is governed by the aperture of the detector, which has to be placed far away from the sample or collimated with a slit, in order to observe Kossel features. Thus, the collected intensity is low and the acquisition time can be long (a few hours). However the configuration for the incident beam is more flexible than in classic standing wave experiments. This could be useful for example to decrease the imprint of the incident beam on the surface and thus obtain a lateral resolution on non-homogeneous samples. Kossel experiments are also interesting when photon irradiation is not available.
THEORY AND SIMULATION DETAILS

Simulation of the Detected
Fluorescence Radiation Two main methods may be used to calculate the intensity and spatial distribution of the fluorescence emission under the Kossel condition: (a) the direct method where the fluorescence is considered as an electromagnetic (X-ray) emission from an oscillating dipole excited by a primary beam of particles such as photons, electrons or protons, and whose depth distribution (in energy and space) is calculated by an appropriate code (see following sub-section), the emission of the dipole in the periodic multilayer being treated by a specific method; (b) the indirect method based on the application of a reciprocity principle. From the historical point of view, the indirect method was the first one implemented to interpret the Kossel structure by von Laue 2 45 and is that mainly used until now to simulate the Kossel effect in periodic multilayers. 11 Both methods, direct and indirect, require the determination of the indepth distribution in space and in energy of the exciting radiation since the intensity of the emitted fluorescence depends on the strength of the excitation of the emitting atoms. Let us describe in further details these two approaches. (a) Direct method. The problem is reduced to the calculation of the electric field radiated in far field by an oscillating dipole embedded in a periodic multilayer. This problem is generally treated by the Green method. The main drawback of the method is that it leads to computational difficulties: in the spatial domain, Green's functions are represented by Sommerfeld integrals with an oscillatory nature 46 and in the spectral domain they are obtained as closed-form expressions with slow-decaying nature. An alternative way is to solve the propagation equation with a source term (inhomogeneous differential equation, IDE) corresponding to the oscillating dipole. The solution of this equation is obtained as the sum of the general solution of the homogeneous equation and of a particular solution of the IDE and by applying the appropriate boundary conditions. The propagation of the total field is performed by means of a matrix formalism inspired from Abelès' work. The calculation of the far field is achieved without difficulty by computing an integral by the saddle-point method. 7 This approach has been developed by André et al. 47 in the context of the standing-wave enhanced fluorescence. (b) Indirect method. This is based on the use of the Lorentz reciprocity theorem (in its Rayleigh-Carson form), which states that the relationship between an oscillating source and the corresponding radiated field is unchanged if one exchanges the location where the source is placed and that where the field is detected. In practice the calculation is reduced to the determination of the field at each point of multilayer by a standard method such as the Abelès matrix or the Parratt recursive methods. 48 Theoretical details on the Chauvineau recursive method 10 based on the calculation of optical thin films properties 49 can be found in Ref. [50] . It is an interesting approach from the theoretical point of view but the computation may be timeconsuming for large multilayer structures since a good accuracy requires a sampling with small thickness steps within the multilayer structure, especially when one takes into account interfacial roughness. Let us outline that since the use of the reciprocity principle initiated by M. von Laue to interpret Kossel effect, this indirect method is nevertheless the preferred one.
Simulation of the Exciting Primary Radiation
The calculation of the depth distribution of the exciting radiation depends considerably on the nature of the radiation. For photons, the incident energy has a constant value but secondary photons of lower energy can be created during the interaction with the matter of the multilayer by fluorescence or inelastic (Raman) scattering. Nevertheless the yield of these processes is relatively small and these "secondary" photons are generally neglected. Thus, from the Bragg condition, a Beer-Lambert law is sufficient to describe the beam attenuation. For electrons, the distribution in energy is a more complicated problem since they can undergo many inelastic and elastic collisions, so that it is necessary to call upon detailed description of their individual trajectories. However, owing to the well-developed electron microprobe analysis field, there exist many codes, Monte-Carlo or semi-empirical, to calculate the depth distribution of the ionizations within a solid. The energy (and therefore the ionisation cross section) of protons of several MeV, such as those delivered by electrostatic accelerators, can be considered constant within the multilayer thickness which is in order of few hundreds of nanometers.
RESULTS AND DISCUSSION
Photon Excitation
We present an example of Kossel curves obtained upon photon excitation. 17 Experiments took place at the BEAR beamline of the Elettra synchrotron working in the soft X-ray range. The multilayers, prepared by magnetron sputtering, were periodic tri-layers: Mg/Co/Zr and Mg/Zr/Co and correspond respectively to the following stacks, going from the Si substrate to the superficial capping layer: They only change by their deposition order. The indicated thicknesses are those aimed for during the preparation. The incident photon energies used to generate the Co L and Mg K emissions were 807.6 and 1332 eV respectively. More experimental details can be found in Ref. [17] .
We present the Kossel curves obtained on these samples in Figure 2 , displaying the intensity of the characteristic emissions as a function of the take-off angle. On all curves, above an increasing background, features occur as 
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expected at the Bragg angles, calculated from the energy of the emissions and the multilayer period at the first and second diffraction orders. These features appear at lower angles for the Mg K emission, owing to its higher energy (1253 eV) with respect to the Co L emission (776 eV). When comparing both samples, we observe that Mg/Zr/Co leads to less contrasted curves with respect to Mg/Co/Zr, particularly for the Co L emission. We know from previous studies that Zr-on-Co interfaces (present in the Mg/Co/Zr stack) are abrupt, whereas the Co-on-Zr interfaces (present in the Mg/Zr/Co stack) are diffuse enough so that it is possible to consider the two Co and Zr layers as a single mixed layer. This was deduced from nuclear magnetic resonance and X-ray emission spectroscopies giving the chemical states of the Co and Mg atoms, respectively. [51] [52] [53] Using these results and the indirect method, 10 49 we simulate and fit the Kossel curves of Mg/Co/Zr considered as a tri-layer system, while for the Mg/Zr/Co system it is necessary to model a Mg/Co x Zr y bilayer system with x/y = 3.5. This is illustrated in Figure 3 for the Co L emission of Mg/Zr/Co. Let us note that, even if the fit with the bi-layer structure is better than the one with the tri-layer system, the agreement between simulation and experiment is not perfect. This is due to the fact that the emission energy of the Co L emission (3d-2p 3/2 transition), 776 eV, is very close to the Co 2p 3/2 ionization threshold, 778 eV. In other words, in this spectral range the Co optical constants are not known with high accuracy since they are strongly varying, and in addition they critically depend on the chemical state of the cobalt atoms.
Let us note that this problem does not occur for the Mg K emission (2p-1s transition) since its energy, 1254 eV, is far from the Mg 1s ionization threshold at 1303 eV. 54 In this case, the simulations reproduce fairly the experimental Kossel curves and are in full agreement with the values of thicknesses and roughnesses deduced from the reflectivity measurements or from standard XSW experiments. 
Electron Excitation
We now present an example of a Kossel curve obtained with a laboratory apparatus equipped with an electron gun to generate the characteristic emissions. 6 In this case, we consider the following multilayer prepared by triode DC sputtering and designed with the following structure: Si substrate/[W (1 nm)/C (2 nm)]×30. We look to the intensity of the W M emission (1775 eV; 4f -3d 5/2 transition) excited by 4 keV electrons. The resulting Kossel curve is presented on Figure 4 compared to the simulated intensity. The simulation is convolved by a rectangular function representing the 0.2 angular aperture of the detector and also takes into account the depth distribution of the W 3d 5/2 ionizations. This distribution is calculated from a semi-empirical model 55 describing the generation of the ionizations within a solid under electron irradiation: they take place over the whole thickness of the stack but most of them occur in the first 15 bi-layers of the stack. This is mainly conditioned by the path of the electrons through the stack.
The simulation 10 49 is in good agreement regarding the position (inflexion point) of the Kossel feature but only reproduces qualitatively the shape of the curve. This discrepancy in the intensity variation of the background could be ascribed to a non-optimized description of the in-depth ionizations. Indeed, for this purpose we used a semiempirical model 55 with the periodic stack replaced by a thick film having the thickness and mean composition of the multilayer.
Proton Excitation
We present an example of Kossel curve obtained upon proton irradiation produced by a Van de Graff accelerator. 56 The multilayer structure is Si substrate/[Sc (0.92 nm)/B 4 C (0.20 nm)/Cr (0.60 nm)]×100. The indicated thicknesses are those deduced from X-ray reflectivity measurements. The sample was prepared by magnetron sputtering. 57 A thin B 4 C capping layer was put on top of the stack to prevent oxidation. The proton energy was set to 2.0 MeV to insure high ionization cross sections, leading to the detection of the Cr K (4090 eV) and Sc K (5414 eV) lines. In this condition, the depth distribution of the ionizations within the whole stack is uniform. The simulations for protons were performed using the same code using the indirect method as the one developed for photons, setting the optical indices of the incident radiation to the constant values of 1 and 0 for the real and imaginary parts, respectively. The incident beam is not affected by refraction nor absorption, ensuring a uniform distribution of the ionizations with the depth. We show in Figures 5(a) and (b) the Kossel curves corresponding to the Cr and Sc K emissions. They are obtained by making a scan of sample holder while measuring the emitted spectrum with a silicon drift detector (SDD). The angular scale offset has been calibrated by using the position of the total internal reflection obtained from a large scan (not shown) starting from the zero angle. Owing to the poor counting statistics, despite a total acquisition time of about 2 days, the experimental curves are quite noisy and poorly contrasted. The total dose on the sample is 150 or 120 C times the number of points in the angular scan. The intensity modulations, a dip followed by a peak for Cr and the reverse for Sc, are well observed at the correct position. The simulations 10 49 have been broadened by a 0.1 wide rectangular function representing the aperture of the detector. They reproduce the general shape of the curves (position, background) but not their contrast owing to the poor counting statistics.
To overcome the limitation of long counting times in Kossel experiments, we suggest using energy-dispersive CCD cameras 58 whose individual pixels each acquire an X-ray spectrum. Laboratory demonstration of this way of working has been given recently 13 59 and we show our preliminary result with such a device in Figures 5(c) and (d) . This significantly reduces the scanning time as the whole relevant angular range could be measured at once. Moreover, owing to the small size of the CCD pixels, some tens of micrometers, compared to the width of the slits generally used for Kossel experiment, some hundreds of micrometers, it would be possible to place the detector closer to the sample and thus increase the solid angle of detection and improve the counting statistics.
The Cr and Sc K Kossel curves obtained with the energy-dispersive CCD camera are shown in Figures 5(c) and (d) in comparison to the ones obtained with the SDD. In this case the acquisition time has been decreased to only 200 s and the total dose on the sample was limited to 8 C. The counting statistics is not yet very good with such an acquisition time but would have been satisfactory with one hour. Anyway, despite these not optimal conditions, the improvement with respect to the SDD is clear as a better angular resolution (≈0.05 between the position of minium and maximum with the CCD and ≈0.15 with the SDD) and a better contrast (relative intensity of the minimum and maximum of the curve with respect to the background intensity) of the Kossel feature can be observed.
CONCLUSION
It is now possible to obtain the Kossel curves from periodic structures, crystal or multilayers, with any kind of ionization radiation, X-rays, electrons or ions. There is no strict requirement on the direction of the incident beam on the sample. For example, the near-normal incidence can be chosen in order to minimize the imprint of the incident beam and thus enabling to map inhomogeneous samples. There is also no strict requirement on the monochromaticity of the incident beam. It is enough that the incident energy is larger than the binding energy of the core level involved in the observed characteristic emission.
Owing to the required small aperture of the detector in order to get a sufficient angular resolution, the collected intensities of the characteristic emissions are small despite large counting times. This is mainly problematic for electrons and ion irradiation. The high flux available in modern synchrotrons enables measuring spectra with a reliable statistics and thus making accurate comparison with simulations. In this case, the Kossel curve can be used to describe a multilayer stack and especially get insight on the interface composition. The advantage of using incident charged particles is the possibility to obtain well focused beams and so to probe not only the depth of a sample but also its surface, with a spatial resolution down to a few tens of nanometers. The versatility and wide availability of electron guns makes electron irradiation an interesting option. Beams of rapid positive charged particles are also quite attractive because on the facilities delivering such beams it is possible to benefit complementary techniques such as Rutheford backscattering spectrometry or nuclear reaction analysis. When using X-rays as incident particles, the technique is photon-in photon-out, so insulating samples (presence of a silica substrate or dielectric layers for example) can be analysed without suffering from charging effect. Let us note, that the multilayers designed for the X-ray range have generally a total thickness of a few hundreds of nm and so electrons or photons of a few keV or protons of a few MeV penetrate the whole structure. Thus the maximal depth of information is the thickness of the stack for the three excitation cases. Let us also note that the magnitude of the ionization cross sections are of the same order of magnitude (10 3 -10 5 barns, depending on the involved electron orbital and atomic number) for electrons or photons of a few keV or protons of a few MeV. So the number of generated characteristic photons mainly depends on the number of incident particles: ≈10 13 electrons or protons per second for an electron or proton beam of a few A; ≈10 13 photons per second for third generation synchrotron.
Let us note that Kossel lines have also been observed in a crystal with thermal neutrons. 60 Indeed, X-rays and thermal neutrons have wavelengths of the same order of magnitude and so can be subject to the same kind of diffraction process. The possibility to make inside source holography was already proposed by the authors. 60 We could consider using periodic multilayers to also obtain Kossel lines with such neutrons.
Finally, let us note that the enhancement in the Bragg direction of characteristic X-ray emissions generated within a crystal is interesting for the development of X-ray sources. The basic idea is to use the phase-matched regime which takes place in the Bragg diffraction to realize a distributed-feedback laser, 61 similar to the ones developed in the visible or IR ranges. 62 Indeed, the periodic structure of the crystal or multilayer provides feedback by Bragg coupling between the forward-and backwardtravelling waves while the periodic structure behaves as a spatially distributed resonator. Thus an X-ray laser could be envisaged, the optical cavity and the active medium being the periodic multilayer and an incident free electron laser beam generating the inversion of population.
APPENDIX
We give here more details about the apparatus and acquisition conditions used in the results section.
Photon Excitation
The experiments were performed with s-polarized incident primary radiation on the BEAR beamline of the Elettra synchrotron facility, where the angle between the incident and detection directions is fixed and equal to about 60 owing to mechanical constraints. To get a good angular resolution the detector was moved 300 mm away from the sample resulting in a low collected intensity. However, this was partly compensated for by using a large divergent incident beam, thus increasing the incident flux. The detection of the fluorescence radiation was done by using a silicon drift detector (SDD) cooled to around −15 C.
Taking into account the aperture of the SDD, 5 mm, and its distance to the sample leads to a 0.9 angular aperture. To improve the angular resolution, a 0.5 mm wide slit is placed at 140 mm from the sample and 160 mm from the SDD. This leads to an angular acceptance of 0.2 .
Electron Excitation
The tungsten atoms are ionized by an electron beam produced from a Pierce gun (0-10 keV, 0-10 mA). The irradiated surface is about 1 cm 2 , leading to a current density of a few tenths of mA/cm 2 . The measurements are performed for 4.0 keV incident electron energies.
The experimental setup is such that the directions of the incident electrons and the detected photons are perpendicular. The rotation axis of the sample holder is perpendicular to the plane defined by the electron and photon directions. This device enables the variation of the angle between the sample surface and the direction of the detected photons.
The tungsten characteristic emission is analyzed with a high-resolution Johann-type X-ray spectrometer, using an InSb (111) crystal (d = 0.374 nm) at the first reflection order. The spectrometer is positioned at the maximum of the tungsten emission. Because of the finite height of the irradiation area on the multilayer, about 1 cm, and the acceptance angle of the spectrometer, there is about 0.2 between the detection angles measured at the ends of the multilayer. This angular spread leads to an instrumental broadening. A misorientation of the sample during the rotation could lead to an extra instrumental broadening.
Proton Excitation
Protons of 2.0 MeV produced by the Van de Graaff accelerator of the SAFIR Platform of Sorbonne Université were used to excite the sample. With such energy, the protons ionise the Sc and Cr atoms in their K shell uniformly over the full multilayer thickness. The size of the beam on the sample was approximately 2 mm and the beam current maintained between 100 and 150 nA for the duration of the experiments. The angle between the incident proton beam and the X-ray detector (SDD or CCD) was fixed at 90 . The distance between the sample and the detector was 115 mm. In addition to the beryllium window protecting the SDD from the atmosphere, a 60 m thick Mylar film was placed in front of the detector to block the scattered protons. In the case of the CCD a 200 m thick Be window was used.
A slit of ≈0.2 mm width was placed in front of the collimator of the SDD, giving an angular resolution of about 0.1 . The Kossel curve was obtained by scanning the rotation of the sample while measuring the intensity of the characteristic emissions. The acquisition time was long, about 2 days. So the proton beam was moved on the sample surface, from one pristine zone to another, so that the dose did not exceed 600 C at a given location.
The energy-dispersive CCD camera is an iKon-M from Andor Technologies equipped with a 1024 × 1024 sensor array with 13 × 13 m pixels. Instead of using the native spatial resolution, we select a 4×4 binning. Such selection improves the energy resolution by minimizing the charge sharing effect between adjacent pixels while still providing adequate angular resolution. The camera spans an angular range of 2.7 and the angular acceptance of 0.025 for the 4 × 4 binned pixels. In this case, it was possible to obtain a Kossel curve in a few hundreds seconds.
